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ABSTRACT 

Magnetic field and plaana data from 5 spacecraft (Voyager 1 and 2, 
Helios 1 and 2. and IMP-8) were used to analyze the flow behind an 
interplanetary ^ock. The shock was followed by a turbulent sheath in 
which there were large fluctuations in both the strengtn and direction of 
the magnetic field. This in turn was followed by a region (magnetic cloud) 
in which the magnetic field vectors were observed to change by rotating 
nearly parallel to a plane, consistent with the passage of a magnetic loop. 
This loop extended at least 30” in longitude between 1-2 AU, and its radial 
dimension was approximately 0.5 AU. In the cloud the field strength was 
high and the density and temperature were relatively low. Thus the 
dominant pressure in the cloud was that of the magnetic field. The total 
presrare inside the cloud was higher than outside, implying that the cloud 
was expanding as it moved outward, even at the distance of 2 AU. The 
momentum flux of the cloud at 2 AU was not higher than that of the preshock 
plasma, indicating that the cloud was not driving the shock at this 
distance. It is possible, however, that the shock was driven by the cloud 
closer to the sun where the cloud may have moved faster. An extraordinary 
filament was observed at the rear of the cloud. It was bounded by current 
sheets whose orientations were preserved over at least 0.12 AU and which 
were related to the plane of maximum variance of the magnetic field in the 
cloud . 
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1 . Introduction 

The txiatenoc of unueual magnetized clouds of plaana emitted by the 
active sun was proposed by Morrison (1954) as a cause of world-wide 
decreases In coanlc ray Intensity, lasting for days and correlated roughly 
with geomagnetic storms. Cocconl al • (1 958) suggested that the magnetic 
field lines In such a cloud form an extended loop, the field lines being 
anchored In the sun, and they called such a loop an "elongated tongue" (id 
a "magnetic bottle". A similar concept was discussed more quantitatively 
by Plddlngton (1958), who consid red the additional possibility that a loop 
could become detatched from the sun by magnet'o field reconnection, forming 
closed magnetic field lines in the solar wind (a magnetic "bubble"). (k>ld 
(1 959) proposed that the magnetic loop might be preceded by a shock wave 
(see also Gold, 1955, 196P). All of these authors envisaged that the 
magnetic cloud or loop Is formed by motion of plasma ejected from a flare 
or some other transient solar disturbance. None was very specific about 
the 3-dimenslonal configurations of the magnetic field 

Magnetic fields in transient flows behind shocks (hereafter called 
magnetic clouds) have been recorded by many spacecraft and discussed in 
many publlcstlons. However, the geometry of the lines of force is 
difficult to determine from measurements at a single spacecraft, and direct 
evidence for magnetic field line configurations in the form of loops or 
bubbles has been elusive (see Kundhausen, 1972). Montgomery ^ a^. (1974) 
and Gosling ^ al. (1973) suggested that low temperatures which they 
observed behind shocks were associated with magnetic bubbles, but they 
presented no magnetic field observations. Similarly, Palmer et (1978) 
and Bame ^ al^. (1980) speculated that bl-direotional anisotropies which 
they observed behind some shocks were associated with magnetic bubbles, but 
again no magnetic field observations were presented. Statistical evidence 
for magnetic loops behind shocks was presented by Pudovkin et al . (1977, 

1 979) based on the magnetic field data compiled by King (1977); however, 
they did not consider th ' plaana observations. Bobrov (1979) noted that in 
some flare-associated streams one component of B, viz. that parallel to 
the earth’s geomagnetic equatar, varies systematically In a way that he 
suggested Is consistent with a closed magnatlo loop In that plantt 
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Sohatten et tl . (1968) presented evidence fo'* a magnetic loop In the 
equatorial plane using magnetic field data from IMP-3< Observations of 
monotonlc, 2-dlmenslonal variations in the magnetic field behind a ^ock, 
consistent with the passage of a magnetic loop or tightly wound helix, were 
discussed by Burlaga and Klein (1980). 

This paper investigates the configuration of the magnetic field in a 
flow behini a shock observed at 2 AU on January 6, 1978 and at 1 AU on 
Jaunary 3. It will be shown that the magnetic field in the ’'driver” gas 
closely resembles that of an extended loop with ordered fields as proposed 
by Cocconi et al. (1958) and Plddington ( 1 958). However, there is a 
region (a sheath) between the shock and the streom in which the field is 
strong and turbulent. We discuss data from 5 spacecraft— Voyager s 1 and 2, 
Helios 1 and 2, and IMP-8. 

The positions of the spacecraft are very favorable for this 
investigation, as shown in Figure 1. Voyagers 1 and 2 w-'re close to one 
another at 2 AU; Helios 1 was near the Voyager-sun line, at 0.9 AU; and 
Helios 2 and IMP-8 were close to one another near 1 AU. Voyagers 1 and 2 
were 30“t of the earth. This distribution of spacecraft viiakes it possible 
to put a significant lower limit on the azimuthal extent of the cloud. 

The data which are discussed below are from the magnetic field and 
plasma experiments listed in Table 1, which also identifies the Principal 
Investigator (PI) for each experiment. The IMP-8 magnetic field and plasma 
data dijcussed below are from a tape compiled by King (1 97 9) from data 
deposited by the Principal Investigators in the National Space Science Data 
Center of NASA/Goddard Space Flight Center. The Voyager magnetic field and 
plasma experiments are described in the papers of Behannon £t £l. (1 977) 
and Bridge et (1 977), respectively. The Helios magnetic field 
experiment (Rome/GSFC) and plasma experiment are described in Scearce et 
al . (1975) and Schwenn et al . (1 975) respectively. 
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2. Overview of the January 1978 Event 

The basic characteristics of the magnetic field and flow behind the 
shock are illustrated by the Voys/ier 1 magnetic field and plaana data stiown 
in Figure 2. The nearly monotonic variation of the latitude of («, in 
heliographlc coordinates) from large southern direction? to large northern 
directions and the higher than average magnetic field strengths (F) is 
consistent with the passage of a magnetic loop (see Section 3), It is 
useful to speak of the magnetic field in the post-shock ejecta without 
reference to a specific configuration, and for this purpose the term 
"magnetic cloud" is convenient. The magnetic cloud passed the spacecraft 
between approximately mid-day on January 6 and mid-day on January 8, 1978, 
as indicated by the vertical dashed lines in Figure 2. There is an 
uncertainty of a few hours in the times of the boundaries. Our choice for 
the time of the front (early) boundary is based on the sudden increase in 
field strength and the change to large southern directions. Note that the 
proton temperature (T^) dropped abruptly by an order of magnitude across 
this boundary, and the proton density (n) fell appreciably shortly 
afterward. Our choice for the time of the rear (later) boundary is based 
primarily on the sudden decrease in 6 from an extreme northern direction. 
One might argue that this boundary occurred later or that the boundary is 
diffuse and filamentary; this ambiguity is not Important for the objectives 
of this paper. Note that the density increased abruptly by an order of 
magnitude at the rear boundary, but the magnetic field strength, 
temperature and bulk speed did not retu. .i to near-average solar wind values 
across this boundary. 

Inside the magnetic cloud the field strength was high and the direction 
varied OToothly. The density, the proton temperature (Tp) (moment 
temperature) and the electron temperature (T^) (core temperature) were 
relatively low and irregular and the speed was high with a familiar stream 
profile. Such a pattern in the plaana parameters has previously been shown 
to be characteristic of transient post-shock flows (see, e.g., Hundhausen, 
1972; Montgomery al. , 197^; Gosling ^ 1973; Dryer, 1 975; Burlaga et 

al . , 1980; and Burlaga and King (1979). In any case, the profiles do not 
resemble those in stationary flows. 
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Ahtad of th* Mgntiio oloud thwrt imi • rtgion In nhioh th« BagHHlo 
flAd wnt wtrviAy turbulent •• indlentnd by th« Iwrgn nuotuationa in 
both tht nagnatlo fltld gtrangth and dir act ion (ata Figura 2). Tha pi a ana 
in thla ragi^n vaa unuaually hot and danaa. Tha tranaition IVob anbiant 
aonditiona to thia ragion ooourrad during a data gap laating 6.5 houra. 
Aeroaa thia ga^* F« n, V« Tp and all ineraaaad, ai^aating tha praaanoa 
of a ahooli wava, Voyagar 2* Mhieh waa lo^atad oloaa to Voyagtr 1, did 
obawraa a aiM>ok« and wa ealoulatad that thia ahook dmuld hava paaaad 
Toyagar 1 at tha tiaa indioatad by tha arrou in tha top panal of Figura 2 , 
i.a.t in tha data gap* Thua it ia fairly eartain that tha turbulant, hot. 
danaa plaana praeading tha nagnatie cloud in Figura 2 waa produead by a 
ahook uaaa. Va infar that 1) aonauhara batuaan tha aun and 2 AU tha ahook 
waa driven by tha plaana carrying tha nagnatio oloud and 2) thia cloud waa 
pracadad by a turbulant ahaath conaiating of ahockad plaana fron the 
upatraan region* analogoua to tha aarth'a nagnetoaheath. Fhrthar evidence 
in auppwrt of thaaa inf«rer*cas ia given below. 

Tha Halioa 2 ebaervationa of tha January 1978 event are dhown in 
Figura 3. A nagnatie cloud ia identified by tha high fidd atrengtha and 
tha charaeieriaitic variation ia tha latituda of tha nagnatie field 
direction (here tha latituda ia given in aolar ecliptic eoordinatea and it 
ia denoted by a to distinguish it f)rcn the heliographic latitude angle i 
used in tha TOyager data reduction aysten). Our eatinatad poaitiona «if the 
front end rear boiaidariaa of tha nagnatie loop are Shown by the vertical 
dashed linaa in Figura 3. Tha front boundary poaltion waa ehoaen on the 
baaia of tha sudden increase in F, and the re«r boundvy position ms 
chosen on tha basis of tha drtq» in • toward tha noninal apiral-field value. 
Again tha bounder iaa are not dateminad msubiguouSlye and one night argue 
that th^ are not thin or that th^ Should be ehoaen a few hours earlier or 
later,, but this is not inportant for our principal obleetives. 


Helios 2 observed that tha density and tenperatura were rtiLativeLy low 
la tha nagnatie cloud and the apaad ms higher than the anbient value. Just 
as in tha Voyager 1 data, m thia case* however, the atrean ms followed 
by a snaller stream, which is possibly one reaaon for the anbiguity in the 
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rear boimdary o' the magnetic cloud. We r^ard thla anall atream aa a 
aeparate flow ayatem, and It will not be oonaidered further. 

The magnetic cloud and tranaient flow at Helioa ? were preceded by a 
hot region in which the magnetic field atrength waa high and both the 
strength and direction were highly variable. The fluctuations in the 
magnetic field direction are deaoribed in Figure 3 by the variance, o2, of 
the Carteaian oomponenta of We interpret thia hot turbulent riiion aa a 
aheath oonaiating of ahooked plaana, aa diaeuaaed above in reference to the 
Voyager 1 data. A shock was observed by Helios 2 at 1450 UT on Jaunary 3, 
1978. Its local q>eed waa 480 km/ a and its normal waa </< 4*. 

The aource of the flow ayatem could be one of three flarea obaerved on 
Jaunary 1st: 1) a 2N flare at 0554 UT at S20* E34* in HcNath region 15083* 
2) a IN flare at 0727 UT at 817*. E 10* in NcHath region 15081, 3) a 2N 
flare at 2145 UT at 821*, E06* in NoNath region 15061. We cannot make a 
unique aaaociation of the flow with any one of these events. In summary, 
the Helioa 2 data, like the Voyager 1 data, ^w three phenomena: a 
magnetic cloud in a fast atreos, a shock which is presumably driven by the 
stream somewhere between the sun and •/< 1 AU, and a sheath between the shock 
and the magnetic cloud. 


3. 8ize of the Magnetic Cloud 

The magnetic field strength profiles and the magnetic field latitude 
angle profiles for Voyagers 1 and 2, IHP-8 and Helios 2 are compared in 
Figure 4. (There are no Helios 1 magnetic field data from the nome/G8FC 
esperiaent for this event.) The time scales for each ^>aceeraft have been 
shifted such that the shock falls on the solid vertical line in Figure 4, 
i.e.. In effect we set t s 0 at the time of the shock (see Table 2). The 
calculated shock time was used for Voyager 1, as described above in the 
discussion of Figure 2. The front boundary of the magnetic cloud observed 
by Helios 2 occurred <r 16 hours after the shock. We assume that this 
separation is approilmately the same at all spacecraft and we represent the 
front boundary by a single dashed vertical line in Figure 4. This boundary 
was not seen at Voyager 2 due to a data gap. The front boundary at IMP nay 
have occurred a few hours earlier than implied by the dashed line in Figure 


8 


4, but that is unimportant for our purpose. The rear boundary observed by 
Helios 2 was nuoh closer to the shook than that observed by Voyager 1 or 
Voyager 2. IMP, which was close to Helios 2, observed a similar result. 

The size of the magnetic cloud can be estimated using the times of the 
boundaries shown in Figure 4 and the spacecraft positions at those times. 

It is convenient to do this by plotting the positions of all the boundaries 
at one instant, which we take to be hour 22 on January 6. These positions 
were calculated using the measured bulk speeds at each boundary and 
assuming that the plaana moved radially away from the sun at a constant 
speed between 1 AU and ^ 2 AU. The positions thus obtained are shown by 
the dots in Figure 5. An uncertainty of Ir ± 8 hrs in the times of the 
boundaries corresponds to an uncertainty of I? 0.08 AU in their positions, 
as indicated by the error bar shown at the dot on the IMP-sun line. Thus 
the error bars are anall compared to the dimensions of the magnetic cloud. 
The dots in Figure 5 have been connected by eye to delineate the general 
shape of the cloud. One can draw two significant conclusions about the 
size of the magnetic cloud from Figure 5: 1) Its azimuthal extent between 

1 and 2 AU was at least 30“ , and 2) its radial dimension was approximately 
0.5 AU. 


• Magnetic Field Configuration in the Cloud 

The familiar two-dimensional sketches of a magnetic loop suggest but 
never show that the magnetic field is planar, i.e., that the lines of force 
are plane curves and there is one dimension in which the magnetic field 
does not change. The minimum variance analysis of Sonnerup and Cahill 
( 1 967) has frequently been used to identify and describe planar magnetic 
field configurations associated with thin current sheets in the solar wind 
and planetary magnetospheres. We have used this method to analyze the 
magnetic field configurations in the magnetic cloud described above (see 
also Burlaga and Klein, 1980, and Klein and Burlaga, 1981). The only 
modification required is the us» of hour averages rather than high 
resolution measuranents, corresponding to the larger scale of the magnetic 
clouds. We carried out a minimum variance analysis for each of the data 
sets — Voyager 1, Voyager 2, Helios 2 and IMP-8. Since the front and rear 
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boundaries of the magnetic cloud are ambiguout;, we did the minimian variance 
analysis for several Intervals. The results are not smsitive to the 
boundary times within the uncertainties discussed in Section ^ so we 
present only the results corresponding to the boundaries shown in Figure *t. 

Figure 6 shows the results obtained from the Voyager 1 and 2 mugnetlc 
cloud data. The Z-direction is the direction in which the variance of B is 

A 

a minimum, and the X-Y plane is normal to 7. In both cases, rotates 
relatively anoothly through a large are in the X-Y plane. The components 
of B normal to this plane are very small, and they are consistent with zero 
within the uncertainties of the Method (see Lepping and Behannon , 1980; 
Siscoe and Suey, 1972). The normal to the plane of maximum variance may be 
specified by its hellographlc longitude, , and latitude, 6^. For Voyager 
2 and Voyager 1, respectively, = 23 U" and 23l“ while = -17® and -*J2®. 
Tlius, the Voyager 1 and 2 results are consistent with one another within 
- 13 ", which is approximately the error expected from the minimum variance 
analysis, and the average normal at their positions is X^ = 232“ and X^ = 
-2f)“. 


The minimum variance analysis results obtained using the magnetic cloud 
field s measured by IMP-8 and Helios-2 are shown in Figure 7. Again it .s 
found that the magnetic field rotates relatively smoothly through a large 
arc, and the components of B(t) normal to this plane are small and 
consistent with zero. For IMP-8 and Helios-2, respectively, the normals 
are given by s 230“, 203“ and 6^ = -2*1“, -46® in rolar heliographic 
coordinates. Thus the IMP-8 and Helios-2 results are consistent with one 
another within «/' ± 15 and the average normal at their positions is x^^ = 

218 “, 6^ = - 34 “. 

Comparing the normals obtained from the minimum variance analysis using 

data from Voyagers 1 and 2 with those obtained using data frotn Helios-2 and 

IMP-8, (which were 1 All closer to the sun than Voyager 1 and 2 and 30 “ 

E of the Voyager-sun line) we find nearly the same results for both 

positions. In particulor, the aveiage of the normal s measured by Voyagers 

(X„ = 232 ®. s -26®) agrees with the average of the IMP-8/Hel los-2 
n n 

normals ( X^ = 218®, 6^ a -34®) within the accuracy with which the normals 
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OM b« dct«mln«d. Thtat r«ault« dmonitrtt* that th« magnatie flald 
oonflfuratlon la aubatantlally planar and highly oiganltad on a 
larga-aoalt. 

A qualltatlvt ikatoh of a poaaalblt nagnatlo flald configuration In the 
cloud la ahown In Figure 6. Thla configuration la oonalatent with the 
obaervatlona, but It la not uniquely detwmlned. Xt la baaed on the 
magnetic field obaervatlona In Figure the cloud atruoture shown In 
Figure $. and the reaulta of the minimum variance analyalr deacrlbed above. 
Figure 8 ahowa the magnetic cloud aa a circular cyllnr'er whoa# axla Ilea In 
the equatorial plane, making an angle of nearly with re^>ect to the 
radial direction in accordance with Figure 5. Since we have no Information 
out of the ecliptic, the croaa aectlon could alao be drawn aa an ellipae or 
an irregular form and the axla might be Inclined with reapect to the 
ecliptic. The magnetic field llnea In the cloud lie In a plane which la 
Insllned 35* with reapcct to t .« ecliptic. They are drawn in Figure 8 aa 
oloaed circular loopa, but they could be more complicated cloaed curvea or 
they might be open "tonguea" ea deacrlbed by Cooconl et (1958). 
Meaaurmnenta out of the ecliptic are needed to dlatlngulah among theae 
alternatives. There la a further mablgulty owing to the uncertainty in 
determining the component of gi normal to the plane of maximum variance, 

1. e., it la poaalble that the llnea of force form very tightly wound 
helices. Finally, there is some evidence that the axis of the circular 
cylinder is slightly bent. Thus, Figure 8 ia schematic and non-unique, jt 
It ia consistent with the observations and represents some basic 
characteristics of the magnetic cloud. 

5 . Plamna Parameters in the Magnetic Cloud 

In order to compare the bulk flow measurements made by Voyagers 1 and 

2, Helios 1 and 2 and IMP-8, It la convenient to discuss each of the flow 
parameters separately. Figure 9 ^ows the density profiles measured by 
each of the spacecraft. The time scales have been lifted such that the 
aiiookB are on the same vertical Une (see Table 2). The vertical dashed 
llnea in Figure 9 represent the magnetic cloud boundaries chosen as 
deacrlbed In Section 2 In reference to Figure A. (The rear boundary of the 
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fflCfnttio oloud it«n by Htllo* 1 could not bt Idtntlflod with otrtalnty.) 
Xnaldt tho nagnttlo oloud tha danalty la highly varlablt, oftan changing by 
nearly an order of H'snltuda In a few hour a. Generally the danalty Inalde 
the fflagnetln oloud la algnlfloantly lower than average, but there are 
oosaalonal fluotuatlona which reach the ambient value. Such low denaltlea 
have often been obaerved In flare ejeota. There are two poaalble 
explanatlona for them, not mutually exolualve: 1) The danalty In the 

magnetic oloud waa relatively low at the aun where It waa ejected, and/or 
3) the magnetic oloud expanded aa It moved from the aun to the ^>aoeoraft 
at R > 3 AU. Evidence for expanaion of the magnetic oloud will be 
dlacuaaed In the next aeotlon. 

The ^>eed profiled meaa)jrod by the 5 apaoeoraft a:*e ahown In Figure 10. 
All of the apaoeoraft obaarved faat (> 400 km/a) plaana In the magnetic 

cloud, but the individual speed profiles differ appreciably. Voyager 1 
observed a familiar stream profile, with a rapid rise to a maximum speed cf 
nearly 700 km/s followed by a monotonic decline to lower speeds. Voyager 
2 , on the other hand, observed a flatter speed profile, with speeds between 
?500 km/s and j ' 600 km/s; however, it should be noted that higher speeds 
might have occurred in the large data gap on Janujry 7. The IMP and Helios 
2 speed profiles are similar to one another, both showing a decrease from ^ 
650 km/s to 450 km/s in the magnetic cloud. It appears that material in 
the rear of the magnetic cloud near the positions of IMP and Helios-2 was 
accelerated by a stream which vas overtaking the cloud. Material ahead of 
the cloud was also moving very fast, perhaps because the magnetic cloud was 
embedded in a larger stream or perhaps because the cloud accelerated 
material ahead of it. Tfie Helios-1 speed profile is the most complicated. 
The shock and magnetic cloud were advancing into a faat (v* 600 km/s) 
plaana, so the post-shock speeds were much higher than in the other oases. 
This is possibly a latitude effect (see Figure 1), although it was not seen 
by Voyagers 1 and 2. There was no well-defined rea> boundary, and there 
was no large change in the speed profile at the front boundary. However, 
the speeds inside the cloud seen by Helios 2 were at least as high as those 
observed by the other spacecraft. We conclude that material Inside the 
magnetic cloud as a whole was moving significantly faster than the average 
solar wind speed, but no single, characteristic speed profile was observed 
by all of the spacecraft. 



12 


Finally, oonsldar tha tamparatui’e profllea, shown in Flgurt 11. All of 
the spacecraft observed lower than average tanperaturea near the een ,er of 
the magnetic cloud and near>average temperatures close to Its boundaries. 
Large fluctuations In the temperature were observed, and one cannot draw a 
anooth representative temperature profile. In the sheath, the temperatures 
were higher than average, presumably owing to heating by the shook. The 
Helios-1 profile is anomalous in that the temperature drops abruptly a few 
hours after the shock, suggesting that the shock had moved through some 
relatively cool plasma at that position. 

6. Dynamics of the Magnetic Cloud 

In this section we examine the Voyager 1 and 2 momentum flux and 
pressure profiles in search of information about the dynamical properties 
of the magnetic cloud. The momentum flux, p V*, the total pressure 
iP.j. s nk (Tg ♦ Tp) ♦ B*/8x) and the ratio of the thermal pressure to the 
magnetic pressure, 6j = nk (T^ ♦ Tp)/(B*/8n) are ^own in Figures 12 and 13 
for Voyager 1 and Voyager 2, respectively. 

The overai' momentum flux profile observed by Voyager 1 resembles that 
observed by Voyager 2, but there are significant differences in detail 
owing to the large fluctuations in n and f. The most significant result is 
that for the most part the mcmentum flux inside the magnetic cloud is not 
appreciably higher than that ahead of the shock. This suggests that at the 
positions of VI and V2 (>r 2AU) the shock was no longer being strongly 
driven by the magnetic cloud, even though the cloud was moving 
supersonically with respect to the ambient solar wind. One possible 
scenario is that near the sun both the density and speed were high in the 
cloud giving a mOTientum flux large enough to produce a shock there. In 
transit to 2 AD the magnetic cloud expanded causing a reduction in the 
density such that the momentum flux inside the cloud was not large when it 
arrived at VI and V2. The shock continued to propagate outward even though 
it was not driven by the cloud at 2 AU. 
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The pressure profiles in Figures 12 and 13 show that even at 2 AU the 
total pressure inside the magnetic cloud was somewhat higher than the 
ambient pressure ahead of the ^ock. This implies expansion of the cloud 
at 2 AU as a result of the high pressure, and it suggests that there was 
expansion close to the sun. The expansion was caused primarily by the 
magnetic pressure rather than the thermal pressure, for ^ 1 inside the 
magnetic cloud. Note that in some parts the magnetic olo'jd the thermal 
pressure was negligible — B < 0.05. In general, the magnetic field energy 
was dominant in the magnetic cloud, which may explain why rather large 
fluctuations In density and temperature could persist inside the magnetic 
cloud. The high magnetic energy density is consistent with the 
observations of smoothly varying magnetic fields inside the oloud and the 
ordered large-scale configuration of the cloud discussed in .Section 4. 

7* Discontinuities in the Flow Observed by VI and V2 

A remarkable filament in the V2 magnetic field and plaana data is shown 
in Figure 14 near noon on January 8. It Is seen most clearly as an 
enhancement in density and a depression in field strength, but one can also 
see a depressien in the temperature. Thus, the filament is a dense, coul 
region with relatively low magnetic field strerigths. The boundaries of the 
filament are very thin when viewed on this sc6le. The filament is shown at 
higher resolution (1.92 sec averages) in Figure 15a. Even at this 
resolution the boundaries of the V2 filament appear as step functions in F 
and n, and abrupt ihanges are also seen in T and V. The front boundary of 
the filament (A) is associated with a current sheet (directional 
discontinuity) as evidenced by the large, rapid, step-like change in 6 and 
X. The rear boundary (B) is also associated with a current sheet, but this 
is not as clearly defined as A. 

The filament was also seen by VI, which was 0.12 AU from V2. This may 
be seen by comparing Figures 14 and 2, and by comparing the results in 
Figure 15a and b. The filament is not as well defined in the VI data as it 
is in the V2 data. In particular, it i s difficult co identify a rear 
boundary at VI corresponding to B at V2 (see Figure 15). However, the 
front boundary (A and A') is clea-ly seen by both spacecraft with 
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•Bscntially the mbi« qualitative aignatura in F, 6, n, Tp and T^. (VI 
quantitative aatimataa not yat available in auoh ^>aeial ragiona whara 
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alaotroii eora tamparaturea ara ^ 3 x in during tha oruiaa 1 phaaa of the 
miaaion.) 

Tha nature of the boundariaa of tha filar lent can be datarminad by 
oonaidaring tha variation of tha total praamjre Pj ■ nk (Tp ♦ T^) ♦ F*/(8*) 
aoroaa tha filament. Thia is ahoun for V2 in Figure 16, tdiara it is seen 
that there ia essentially no change in Pj aoross tha filament and ita 
boundaries. Acoording to tha theory of NHD discontinuities (see Landau 
and Lifshitz, I960 and Burlaga, 1971) this excludes tha possibility that 
the discontinuities are fast or alow shocks. Shocks are alao excluded by 
tha aigna of tha ohangaa in n, T and B. T.la oonatanoy of Pj indioataa that 
tha discontinuitiaa ara tangential dlaoontinuitiaa (TD), rotational 
discontinuities (RD) or contact discontinuities (CD). A CD is ruled out by 
the change in magnetic field direction, and an RD is effectively ruled out 
by the very large changes in F and n. Thus, the boundaries of the filanent 
must be tangential discontinuities. 

Tt is possible to determine the orientations of the surfaces bounding 
the filament by examining the internal structure of the current sheets 
(Sonnerup and Cahill, 1967; Si scoe et al . , 1968; Burlaga ^al., 1977). 

The Sonnerup-Cahill method gives further evidence that the boundaries are 
TDs, since the component of P normal to the plane of maximum variance is 
less than 15% of the mean field. Using the method of Siscoe et al. (1968), 
which is more accurate for TDs than the Sonnerup-Cahill method, we obtain 
the normals of the surfaces A, A* and B listed in Table 3* The normal of 
the plane of maximum variance of B in the magnetic cloud (see Section 3), 
is also given in Table 3. These results are shown graphically in Figure 
17, where the intersections of the surfaces with the ecliptic plane and a 
meridian plane are shown by solid line segments, and the corresponding 
intersections of the maximum variance plane of B are ^own by dashed line 
segments. Table 3 and Figure 17 reveal three significant results. First, 
the orientation of surface A at V2 is similar to that of surface B at V2, 
as one might expect for a filament. Second, the orientation of A at V2 is 
very similar to that of A* at VI, despite the relatively large separation 
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(0.12 MJ) between the two spaoeoreft. (Previous studies by Burlaga and 
Nesa, 1969 and Den skat and Burlaga, 1977, ^owed that the orientation of a 
current sheet may change appreciably on a scale of 0.005 AU.) Third, the 
normals of the anall-scale filament boundaries lie close to the normal co 
the maximum variance plane of the magnetic field vectors in the mesoscale 
magnetic wioud (see Figures 6 and 7). In other words the orientations of 
the anall scale current sheets bounding the filament are related to the 
mesoscale configuration of the magnetic field in the strerm behind the 
shook. It will be of interest to examine other clouds in order to 
determine the generality of this conclusion, but that is outside the scope 
of this paper. 

Figure 17 shows the orientations of four other discontinuities: the 

shock at V2, two directional discontinuities in the sheath seen by VI (D 
and E) , and a directional discontir.uitity observed by VI near or <n the 
front boundary of the magnetic cloud. These four surfaces are nearly 
parallel to one another, but their orientations differ from those of the 
filament boundaries and the maximum variance plane of the magnetic cloud. 
This difference is consistent with presence of two types of flow 
regimes — the flow associated with the magnetic cloud and the flow in the 
sheath. The orientations of the current sheets ahead of the magnetic cloud 
may be related to the geometry of the surface of the cloud. In particular 
they are consistent with the boundary being an element of a nearly 
spherical front as shown in Figure 5. 

8. Summary 


We have analyzed a flow system consisting of a shock, a turbulent 
sheath, and an ordered "magnetic cloud" in tranoient ejecta associated 
with the shock, using magnetic field and plaana data from 5 spacecraft. 

The emphasis is on the magnetic cloud which was identified by a 
characteristic variation of the latitude angle of the magnetic field. The 
size of the cloud was found to be 1? 0.5 AU in radial extent and > 30“ in 
azimuthal extent, and the front boundary was nearly normal to the radial 
direction. As the magnetic cloud moved past each of the spacecraft the 
magnetic field direction was observed to change by rotating nearly parallel 
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to a plane. Thi’S, the magnetic field configuration in the cloud was 
essentially two dimensional. The orientation of this plane of maximum 
variance with respect to the spacecraft- sun line and solar equatorial plane 
was the same at all of the spacecraft within 20°. These results suggest 
that the lines of force in the magnetic cloud formed loops, but it could 
not be determined whether these loops were open or closed. 

Inside the magnetic cloud the speed was high and the density and 
temperature were relatively low, especially near the middle of the cloud. 
The total pressure in the cloud was higher than the ambient pressure at 
2 AU, indicating that the cloud was probably expanding at 2 AU and, by 
inference, within 2 AU as well. The magnetic pressure was larger ♦-nan the 
thermal (ion plus electron) pressure, indicating that the expansion was 
driven primarily by the magnetic field which presumably originated in some 
transient process at the sun. Expansion driven by the high magnetic field 
pressure inside the cloud is at least one cause of the low density and 
temperatures in the magnetic cloud; the input conditions might be another 
cause. 

The momentum flux in the cloud at 2 AU was not generally higher than 
that ahead of the cloud, yet the cloud was preceded by a shock. It is 
suggested that the shock might have driven by the stream carrying the 
magnetic cloud when it was near the sun, but that the momentum flux 
decreased in transit to 1 AU owing to expansion and perhaps deceleration so 
that at 2 AU the shock was no longer driven, but rather moved on ahead of 
the cloud by virtue of the motion it acquired earlier. Of course, we 
cannot exclude the possibility that the shock and ejecta were created 
independently at the sun. 

At the rear of the magnetic cloud there was a most unusual filament 
characterized by high n and low B and T, with very thin boundaries having 
the nature of tangential discontinuities. This filament was in equilibrium 
with the medium ir. which it was embedded. Its boundaries (current sheets) 
were nearly parallel to the plane of maximum variance of B in the magnetic 
cloud. Current sheets in the sheath ahead of the magnetic cloud had 
different orientations, more nearly perpendicular to the radial direction 
and parallel to the surface of the shock wave. 
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TABLE 1 

EXPERIMENTS AND PRINCIPAL INVESTIGATORS 



VOYAGER 1, 2 

HELIOS 1. 2 

IMP-8 

MAGNETOMETER 

NESS (GSFC) 

MARIANI/NESS 

NESS (GSFC) 



(ROME/GSFC) 


PLASMA ANALYZER 

BRIDGE (MIT) 

ROSENBAUER 

BRIDGE 



(MAX-PLANCK/GARCHING) 

(MIT) 
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TABLE 2 
SHOCK TIMES 


SPACECRAFT 

DAY 

HR/MIN 

VOYAGER 2 

JAN. 6 

013^< 

HELIOS 1 

JAN. 3 

0838 

HELIOS 2 

JAN. 3 

1450 

IMP 8 

JAN. 3 

2041 

SSC 

JAN. 3 

2024 
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TABLE 3 

FILAMENT BOUNDARY NORMALS 


DISCONTINUITY 

SPACECRAFT 

DAY,HR/M1N 


«n 

A 

yi-2 

8.1030 

235 ® 

-15® 

B 

V-2 

8, 1220 

230 ® 

0® 

a’ 

V-1 


208® 

- «® 


24 


FIGURE 1 


FIGURE 2 


FIGURE 3 


FIGURE 4 


FIGURE 5 


FIGURE CAP^^IONS 


Positions of Voysger 1 snd 2, Helios 1 snd 2, snd IMP (nesr 
Esrth) in the period Jsnusry 5-fli 1978. Positions sre in 
inertisl heliogrsphio ooordinstes, (s) being the equstorisl 
plsne view snd (b) showing the elevstion of the spsoeorsft 
sbuve (below) the equstorisl plsne. 

Voysger 1 observstions of s msgnetio cloud snd sssocisted 
flow. The dsts sre 4 min sversges. The direction of Bis in 
solsr heliogrsphio coordinstes; 6 is the Istitude ( 6 ■ 0* 
w‘>en B is in the equstorisl plsne and is positive when B 
points northward) and x is the azimuthal angle (x « 0 when ^ 
points radially away from the sun and Increases counter- 
clockwise when seen from the north). The Voyager 1, 2 
tanperatures are computed by taking moments of the observed 
distribution functions. 

Helios 2 observations of the magnetic cloud and associated 
flows. Here the direction of ^ is in solar ecliptic 
coordinates; e is the latitude (e = 0 in the ecliptic plane) 
and ^ is the azimuthal angle (♦ s 0 when points toward the 
sun) . 

Magnetic field str«igths and latitudes measured by VI, V2, 

H2, and IMP-8. 

Sketch of the geometry of the cloud. The dots show where the 
observed boundaries of the cloud would be at 2200 UT on 
January 6, 1978, assuming that they moved at constant speed. 
The shape of the cloud is determined by simply connecting the 
dots, and it is only approximate. This figure shows that the 
cloud extends at least 30® in the azimuthal direction and 
0.5 AU in the radial direction. 
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FIGUWE 6 Rtfults of th« minimum varlanoo analyaia of hour avaragaa of 
tha magnatio flald In tha cloud obaarved by Voyagars 1 and 2. 
*n ^n normal to tha plana of maximum varlanoa in 

aolar haliographio coord Inataa. 

FIGURE 7 RaMlta of the minimum variance analyaia of hour avaragas of 
tha magnetic field obatrvad by IMP-8 and Halioa-2. Although 
tha data used ware in aolar ecliptic coordinates, the 
directions of the normals are ^own in solar hallographlc 
coordinates so that they can be compared with the Voyager 
results. 

FIGURE 8 Sketch of possible magnetic field configuration in the 
magnetic cloud, based on the minimixn variance normals in 
Figure 6 and Figure 7, and on the shape shown in Figure 5. 

FIGURE 9 Density profiles. The VI and V2 data are 5 min averages; the 
IMP, HI annd H2 data are hour averages. 

FIGURE 10 Bulk speed profiles. Averages as in Figure 9. 

FIGURE 11 Tanperature profiles. Averages as in Figure o. 

FIGURE 12 Monentisu flux, total pressure (proton plus electron plus 

magnetic field' and the proton plus electron pressure divided 
by the magnetic pressure observed by Vcviger 1. 

FIGURE 13 Momentum flux, total pressure, and pressure ratio observed by 
Voyager 2 (see Figure 12 caption). 

FIGURE m Voyager 2 observations of the magnetic cloud and associated 
flow (parameters as described in caption of Figure 2). Note 
the unusual filament (AB) on January 8. 

FIGURE 15 Fllanent at high resolution (?. 6 sec averages). 
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FIGUBE 16 Momentum flux, totil prtxMre, and prtaaure ratio ( aaa Figure 
12 caption) across the filament observad by Voyager 2. It Is 
an equilibrium structure Immersed In a low 0 plaana. 

FIGURE 17 Each line segment Is the Intersection of a plane with the 
solar equatorial plane (top) or s meridian plane (bottom). 
Three types of plsnes are shown: 1) current sheets bounding 

the fllsment (A. A', B) snd current sheets In sheath (C, D, 
E): 1) the shock surface, and 3) the plane of maximum 
variance of ^ In the magnetic cloud, represented by dashed 
line segments arbitrarily placed at the point In the cloud 
where the direction of the magnetic field changed from 
southward (crosses) to northward (dots). 
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